The paper presents a new all-fiber probe for laser induced thermal ablation of solid tumor cells that integrates a beam delivery fiber with nanostructured surface to shape the laser irradiation pattern and a chirped grating to allow real-time monitoring of the temperature profile. A theoretical model of the sensor to study the temperature profile recovery algorithm and experimental validations using phantoms are discussed.
INTRODUCTION
Laser Ablation (LA) is emerging as a more effective alternative to Radio-Frequency Ablation (RFA) and MicroWave Ablation (MWA) in the therapy of certain types of solid tumors -notably those of liver, pancreas, bladder and kidneys -in patients that are not suitable candidates for surgical resection. LA, also known as Laser-Induced Thermal Therapy (LITT), belongs to the hyper-thermal therapies, in which the local tissue temperature is increased to induce the necrosis of the cells in the region affected by the tumor. As the name implies, the temperature variation in LA is due to the absorption of the laser light by the tissue. For deep-laying organs the laser light is guided to the exact target position through optical fibers. The use of such dielectric probes accounts for one of the main advantages of this approach besides for their small size, namely the total compatibility with any diagnostic technique, including Magnetic Resonance Imaging (MRI). In practical applications the fiber delivery probe is inserted percutaneously through a catheter so the choice of the fiber size should consider balancing stiffness and mechanical strength.
It has already been demonstrated that correct estimation of thermal dose (i.e., the combination of the temperature increase and its duration) during an ablation procedure strongly improves the efficacy of the treatment by minimizing the tumor recurrence. 1 In the case of LA this means the accurate control of the laser emitted power, the irradiation pattern and the exposure time to guarantee obtaining the right temperature everywhere within the tumor plus a suitable safe margin around it. Indeed, on the one hand, temperature should be high enough to ensure the cell necrosis; on the other hand, it should be not to high to damage neighboring healthy tissue or, even worst, to induce carbonizations. Nevertheless, the temperature during laser irradiation is not easy to predict a priori because it is strongly dependent on the tissue composition, the possible presence of blood vessels and the laser beam characteristics. To help overcoming these critical points we have already proposed a probe for LA that is composed of a laser delivery fiber with micro-structured surface, to shape the beam irradiation pattern depending on the tumor size, integrated with Fiber Bragg Gratings (FBGs) to sense the induced temperature.
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Despite the use of a temperature sensing system based on FBGs instead the more common thermocouples (or other electrical devices) makes the interrogation more complex, it has the advantage of maintaining the compatibility with MRI; furthermore, such an all-dielectric temperature sensor does not appreciably affect the laser induced temperature distribution by introducing artifacts due to direct absorption of the laser light or heat sink effects. Recent experiments demonstrated the usefulness of this applicator for LA. However, the length of the gratings introduce a severe limitation in the spatial temperature resolution; this constitutes a major drawback given the large temperature gradients typically achievable during LA. A possible mitigation could be the use of a plurality of gratings inscribed in different fibers and positioned with a slight spatial offset one with respect the others. This paper describes an alternative approach: after having highlighted the inaccuracies coming from the use of standard gratings to measure the temperature during the laser ablation, it proposes a new solution that makes use of a chirped fiber Bragg grating to fabricate a really distributed temperature sensor. First, the superiority of the chirped grating based approach and studies on an algorithm for the recovery of the temperature profile from the grating spectral response are discussed with the help of models; then preliminary experimental tests with liver phantoms to assess the probe performance in practical cases are reported.
ALL-FIBER TEMPERATURE MEASUREMENT SYSTEM
Following the approach presented in our previous papers, 2, 3 the probe combines a high power laser delivery with optimized irradiation pattern, with a temperature measurement system that exploits the well-known temperature dependency of the spectral response of Fiber Bragg Gratings (FBGs), as sketched in Fig. 1 . The "Laser" block in Fig. 1 represents the laser source used for the ablation (a high power diode in our practical implementation), while the "FBG interrogator" block is a standard reflection based spectrum measurement system made by a broadband source connected to the sensing gratings and a spectrometer through a circulator. The "Probe" block can be implemented either forming a bundle with the large area multimode laser delivery fiber and one or more standard telecom fibers with Bragg gratings inscribed, or using a dual cladding large area multimode fiber in which the gratings are inscribed in the core, whereas the laser beam for ablation is guided in the inner cladding. A suitable combiner can be used to route the beam for ablation and the signal for sensing to their respective fibers. 4 FBGs represent the most reliable and cost-effective solution for all-fiber temperature measurements for their well mastered technology and the noise robustness intrinsic to the wavelength encoded transduction. Furthermore, standard gratings can be multiplexed to develop a quasi-distributed temperature sensing system, although as pointed out in previous paragraphs the length of the gratings limits the achievable spatial resolution. Such a probe with temperature measurement capabilities can provide a valuable feedback to doctors helping them to identify the area in which the malignant cell necrosis occurs, although, considering that the typical length of commercial FBGs is in the order of tens of millimeters, it is evident that the spatial temperature resolution is only slightly better than the size of most tumors. The impact of the grating length on the temperature estimation can be easily demonstrated by computing with a FEM solver the temperature profile distribution in a material that mimics the liver thermal properties and then considering how it affects the temperature reading depending on the portion of the grating that is exposed to a non constant temperature.
Analysis of single standard grating temperature sensor
Standard FBG temperature sensors can provide a reliable reading only if the temperature distribution is practically uniform over their length. In LA, as well as in RFA and MWA, however, temperature gradients may be quite large and this means that the temperature read by the FBG interrogator can be quite different from the Proc. of SPIE Vol. 9702 97020G-2
Modified surface actual one depending on the position of the grating with respect to the heat generating probe. As an example we could consider an applicator for LA in the form of a bundle that integrates a laser delivery fiber with lateral surface micro-patterned to achieve an almost uniform irradiation pattern, and a FBG-based temperature sensor. The worst case is then the situation reported in Fig. 2 where the FBG is at the edges of the uniform irradiation area and thus it is exposed to a varying temperature distribution. This will produce an underestimation of the temperature read from the FBG and consequently a poor definition of the "cytotoxic area", defined as the region in which the temperature is above the so-called cytotoxic value (commonly used lower bound temperature is about 50 − 55
• C). 5 Another relevant case is when the FBG is correctly aligned with the delivery fiber portion where irradiation occurs, but this is not uniform due non optimal surface modification or different light absorption from the tissue due, for instance, to the presence of vascularization. The behavior of a uniform FBG-based temperature sensor in presence of temperature gradients may be investigated using a simplified model of the laser ablation in which an equivalent heat source with size similar to that obtained from an actual fiber applicator is inserted into a dielectric with parameters typical of real livers.
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Then, the temperature distribution obtained solving the heat transfer equations (with a commercial FEM solver in our case) is used as input for a model of a grating to compute the temperature induced spectral response modification and, finally, to estimate the temperature reading. Fig. 3 shows the picture of the heat transfer equation integration domain that mimics an actual liver, with superimposed a cross section of the temperature distribution around the applicator. The grating spectral response may be computed from the input reflectivity versus wavelength of the cascade of equivalent modal transmission lines that take into account the refractive index perturbation that constitutes the grating itself. In the example reported in this paper their characteristic impedances and lengths have been estimated by fitting the simulated response to a set of measures obtained by placing a commercial bare FBG sensor in an environmental chamber at different, controlled, temperatures.
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The considered grating length is about 1.5 cm, a common value for standard commercial gratings given the typical index contrast in single-mode silicate fibers. Fig. 4 -left reports a detail of the temperature distribution of Fig. 3 from which it is evident that, over a distance from the edges of a constant heat source equivalent to the typical length of a commercial bare fiber grating sensor, the temperature can change by as much as 10
• C. If such a temperature distribution is applied to the FBG, its spectral response shifts by about 30 pm (Fig. 4-right) , which corresponds to a temperature reading from the interrogator of 2.7
• C. This error may lead to underestimate the area where ablation is effective or the effects of possible localized hot spots (i.e, where carbonizations could occur), especially considering that the difference between actual and read temperature increases as the maximum temperature, and thus the gradient, increases.
Analysis of chirped grating temperature sensor
The spatial sensing limitation previously discussed for the uniform FBG can be overcome by developing a truly distributed temperature measurement system using chirped gratings. Chirped Fiber Bragg Gratings (CFBGs) are gratings in which the period of the refractive index perturbation changes with the position along the grating, usually linearly, as depicted in Fig. 5 . From the practical point of view a chirped grating can be seen as the cascade of a large number of short uniform gratings, each with a different period and thus a different peak wavelength, so it can be considered as the ultimate example of the multiplexing of several gratings along the same fiber typically used for the development of quasi-distributed sensing systems.
CFBGs are quite common in telecom systems, in which they are used as dispersion compensators, 10 but still not so popular in sensing applications because of the difficulty in recovering the distribution of the quantity under measurement, such as the temperature, from the variation of their spectral response as done for uniform gratings.
11 This because the spectrum under a general temperature distribution does not simply shifts without relevant deformations (at least for moderate temperature variations), but is deformed, as if some of the peak wavelength of the cascade of the "equivalent" uniform gratings shifted in different directions and for different amounts. Indeed, while the problem of determining the spectral response from the refractive index profile is a well-posed problem, the opposite, is an ill-posed problem and does not yield to a unique solution. However, since the shape of temperature profile during LA has a quite regular behavior that can be inferred starting from the position of the grating with respect to the laser irradiation distribution and running simulations as those reported in Fig. 3 , it is still possible to obtain an approximation of the temperature value distribution. Two approaches could be considered: i) fitting the measured spectra with those computed starting from a parametric representation of the temperature profile; ii) computing the cross-correlation between the spectra prior and after the application of the heat source. Both methods are still under investigation and haven't so far provided a clear and simple algorithm that works in all situations. In order to analyze the temperature profile recovery capabilities from the spectral response of a CFBG, we considered first a numerical experiment, similar to that carried out for the uniform FBG, in which the temperature distribution in Fig. 4 -left has been applied to the model of a commercial 4.5 cm long CFBG, with linear chirp and intended for operation in the third optical communication window. This grating has been modeled as the cascade of transmission lines having the parameters obtained by best fitting its spectrum. Fig. 6 -left shows the spectral response before and after having applied the heat distribution with the shorter wavelength side of the CFBG close to the maximum of irradiation from the probe. At first glance the two curves are practically overlapped; however, by properly normalizing the cross correlation between the grating spectra before and after having applied the temperature distribution, the shape of the temperature profile can be reconstructed (Fig. 6-right) , except for the absolute temperature levels. These have to be found by fitting the measurements with the model or through an additional uniform FBG, but more work has to be carried out to improve the robustness of the temperature estimation algorithm.
EXPERIMENTAL RESULTS
The application of the procedure outlined in the previous paragraph to recover the temperature distribution from the spectra of CFBGs is very sensitive to noise and thus requires a careful choice of the filtering methods not to introduce spurious artifacts. Here we report preliminary results obtained in a case where a similar distribution to that in Fig. 4 -left but with a maximum to minimum variation of 20
• C has been applied to an applicator that integrates a CFBG in place of a uniform FBG. To this end, we fabricated a bundle made by a surface micropatterned large area (about 400 µm diameter, a value compromise between invasive impact and mechanical robustness) laser delivery fiber and a standard telecom fiber with inscribed the CFBG whose spectrum had been used in the simulations. The laser delivery has been designed to provide an almost uniform irradiation patter Position along the grating, a.u. 
CONCLUSIONS
Preliminary results about the development and characterization of an all-optical probe for laser ablation that integrates the capability of distributed temperature measurements have been presented. The probe is made in a similar way as a previously proposed one (laser delivery fibre with suitable modified radiation pattern packaged together with Bragg grating sensors), but substitutes a uniform grating with a chirped one. Simulations and experiments have demonstrated the possibility for this approach to overcome the limitations coming from the temperature averaging in uniform fiber Bragg grating sensors due to their large extension.
